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(1) have been applied that d;rive from studies of atomic bomb survivors in
Japan (%4), acute postpartum mastitis patients treated with therapeutic X rays
in ?lTew York (5, 6), and tuberculosis patients subjected to multiple fluoroscopes
during air collapse therapy of the lung in Nova Scotia (7). None of these series,
however, represents a population that has been exposed under conditions similar
to those under which women undergoing periodic mammography, arc exposed,
i.e., low-energy (25–50  kVp) and low-dose diagnostic X-ray examinations
repeatedly performed over :) number of years. The atomic bomb irradiation was
a single whole-body exposure to high-energy ~ rays and neutrons. The mastitis
putients were t rested for a breast disease by therapeutic X rays (175-270 kVp),
and the r:~diation was delivered in one to several high-dose fractions over a
period of almut a week. The women with tuberculosis, on the other hand, received
repeuted  low-energy (70–S.5  k \’p)  and relatively-low-dose fluoroscopic  exposures
to diagnostic X rays that continued for an average of 3–5 yr. The estimation of
the radiation dose recei~ecl  by the Nova Scotia women was, however, so unreliable
that the N-ational  .lcademy  of Sciences chose the value of the postpartum mastitis
study, six cases of breast cancer/106 woman-year-rad5, as their best estimate of
the absolute risk for radiation-induced breast cancer (1).

To augment existing data on risk estimates for the induction of breast cancer
by ionizing radiation (1–7), a followup study was conducted of pulmonary
tuberculosis patients in two Massachusetts hospitals who received repeated
fluoroscopic  examinations of the chest during air collapse treatments of the lung
(pneumothorax and pneumoperitoneurn)  (8). To obtain information on the
cumulative breast closes received by these patients, an extensive methodology,
described in this report, was developed. These dose estimates were derived by
abstracting information from medical records, interviewing physicians, contacting
patients, measuring X-ray expos(lres  from representative fluoroscopes, and
:~pplying  an absor}ml dose calculation scheme that employs a Ilfonte  Carlo
radiation transport technique. .4verage al)sorbed breast doses were estimated
for each patient fluoroscopically  examined. On the basis of the observed frequency
of breast  cancers in the exposed population, estimates of breast cancer risk were
made, and the resulting dose–response relationship was examined.

SUBJECTS AND hfl;l’HODS

Study Population

Female patients who were discharged alive from two Massachusetts hospitals
between 1930 and 1954 were studied (8). The numbers of pneumothorax or
pneumoperitoneum treatments were determined from the hospital records, and
1047 women were designated as exposed individuals. The comparison group

5 Absolute risk estin) ates as presented in the BEIR report (1) derive from the following calcula-
tions: (O — E)/[ ( lV Y) (D)] where O = observed cases, E = expected cases, WY  = woman-
years at risk for breast cancer development., and D = average breast dose in rad. The absolute
excess risk estimate is specific for the years of followup included in the calculation. The postpartum
mastitis estimate excludes the first 10 yr of followup,  and is applicable for years 10 to 29 after
initial exposure.
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the patient questionnaire: 63% faced the physician during a fluoroscope, 16~0
faced the X-ray tube, and 21~0 had variable orientations (12% reported being
rotated).

Physician Interview

To obtain detailed information on the actual conditions during the fluoroscopic
examinations, 15 former tuberculosis physicians who had performed air collapse
therapies and one former radiological technician were contacted. Tables III and
IV present the results of these interviews. It was determined that (1) 29~o of
of the physicians fluoroscopically  examined the patient with her chest (breasts)
to the X-ray tube; (2) 69~0 conducted fluoroscopic  examinations with the X-ray
beam shutters wide open and 81% always scanned the opposite lung to determine
whether the tuberculosis had spread; (3) the average time of a fluoroscopic
examination WM 15 sec (with responses ranging from 3 to 60 see); (4) 70 to 80
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kVp and 5 mA were the usual ‘machine parameters; anfl (.>) 1 mm of aluminum
filtration was added  in 194S.

Information with regard to three dif’f’erent  fluoros(~opic  iield sizes }vtis  also
obtained. In order to specify the X-ray fields on the phantom used in the absorbed
dose calculations, the physicians were asked to sketch the body areas that would
be included in the X-ray field during specific fluoroscopic examinations. The X-ray
fields selected to be compatible with these sketches are summarized in Table ITT.

Fluoroscope Exposure ikfei~s~[rernents

Laboratory measurements were mode on three repr(w’nt  utive fluoroseopy units:
a Victor (G. E. ) Vertical Fluoroscope, Model B7.; 1 (1922), a Fisher Vertical
Fluoroscope, Type X (1925), and a l)icker Vertical Fluoroscope, Style T-10
(1935). One of the fluoroscopes had never been operated until a few years ago.
Exposure rates at the fluoroscope panel and first half-value layers were determined
for various peak kilovoltages and added aluminum filtrations. The experimental
data are tabulated in Table V and presented in Fig. 1. The kilovoltages listed
were measured using a sphere gap having 3.5-in. spheres, and the milliampere
readings were checked for accuracy. Under similar operating conditions and at
given kilovoltages and filtrations, all three systems provided essentially identical
exposure rates.

From personal experience [E. l~. T.), it is known th:it all fluoroscopes of this
period used a 12- to 13-in. (30.5- to 3~3.O-cm) distance from t,he tube focal spot
to the panel. Shorter distances could not be used since the high-voltage terminals
were exposed and shorter distances would have led to arcing to t,he supporting
structure. The 5-30 tube, later called the ItB tube, was used in a lightproof  lead
glass shield. When the so-called autoprotective tube, the X1), became available,
it was used because it provided better X-ray shielding. A mounted cone was
provided that placed the focal spot at the same distance from the panel as was
the case with the ItB tube.

The ItB tube, when operated on self-rectified equipment, could be operated
continuously at 85 kVp and 5 mA for 6 min in any 36-rein interval. Operation at
lower kilovoltages would permit slightly longer operating times; however, long
exposures were impossible as they would permanently damage the fluoroscope
tube.

Table V and Fig. 1 can be used to determine patient exposure if operating
conditions are known. For example, if a fluoroscope were operated with no added
filtration at 75 kVp and 5 mA for an average exposure time of 15 see, the patient
entrance skin exposure measured free-in-air would be (10.2 R/mA-min)  (5 mA)
(0.25 rein) = 12.75 R.

A fluoroscope used to monitor the lung collapse of the Massachusetts women
in this study was also located in a private physician’s office. Exposure rates
determined for various machine settings were within 6~0 agreement with the
controlled fluoroscopic  measurements made in the laboratory.

The exposure measurements were summarized into average conditions for each
of two time periods to be consistent with fluoroscopic  practice before and after



1948 (Table VI). The exposure rate at the panel for all patients fluoroscopically
examined before 194S was assigned the value of 51.2 R/rein for an unfiltered
X-ray beam. A panel exposure rate of 24.1 R/rein was assigned for a l-mm
added aluminum-filtered beam for all patients receiving fluoroscopes during
and after 1948.

Absorbed Dose in the Breast

Estimates of absorbed dose in the breast were derived from a Monte Carlo
radiation transport technique, a method that simulates and records the energy
deposition of X-ray photons as they undergo physical interactions in an anthro-
pomorphic phantom (9). When the technique is applied to simulate the
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interaction of diagnostic X rays in human tissue, the physical processes treated
are the photoelectric effect and Compton  scattering. The initial energies of the
X-ray photons used during air collapse fluoroscopes were less than 100 keV.

The anthropomorphic phantom represents a reference human and is hetero-
geneous. It consists of skeletal, lung, and tissue regions with corresponding
compositions and densities. The important human organs are mathematically
formulated within the phantom and are the interaction sites of interest. Energy
depositions are accumulated at these sites. The average absorbed dose in the
organ of interest is obtained directly by dividing the accumulated energy by the
mass of the organ.

For the present study, the phantom was modified to include the female breasts
as described below. X-ray spectral distributions representing the beam qualities
of interest were also employed as well as exposure geometries used during
the fluoroscope examinations. The details of the Monte Carlo technique and
the phantom, as applied generally with diagnostic X-ray photon energies, have
been previously described (9).

Two categories of patient breast size were modeled in the anthropomorphic
phantom, an adolescent and an adult. The shape of the breast was simulated by







consistent with the ad{llt  })reast  size. Examinations before 1948 were assigned
exposure rates and absorbed doses for an unfiltered beam; fluoroscopes during
and after 1948 were assigned corresponding values for a filtered beam (Table VI).
The field size was determined by the type of examination (Table IV).

Except for the few questionnaire respondents who recalled their orientation
with respect to the fluoroscope X-ray source, individual orientations could not be
determined. Considering the physician and patient questionnaire responses
(Tables 11, 111) it was decided to assume that 25% of all examinations were



BREAST  CANCER  FOI,I,OWING  X - R A Y  EXP(MIIRE 383

performed in the AP position (with the patient facing the X-ray tube) and 75%
in the PA position. During a unilateral lung collapse, both breasts were assumed
to be in the X-ray beam 81’% of the time (unshuttered) (Table 111), whereas
19~o of the time only one breast was assumed exposed (shuttered). In the latter
case, average breast doses  were computed by adding the dose received by the
exposed breast and the scatter dose received by the opposite breast and dividing
by 2. For the few cases in which both lungs were collapsed (bilateral), both breasts
were exposed 100°~o  of the time during fluoroscope. The average time for a
fluoroscope examination was assllmed  to be 15 sec.

If an adult woman had received 10 pneumothorax examinations before 1948,
her estimatwl  cumulative breast dose would be computed as: [(10 exams)
(51.2 R/rein) (0.25 rein/exam)] {0.81 [0.25(0.482 rad/R)  + 0.75(0.017 rad/R)]
+ 0.19[0.25(0.412 + 0.005 rad/R)/2  + 0.75(0.015 + 0.002 rad/R)/2]}  = 15.2
rad.

It should be noted that “average” breast doses were computed for each
individual on the basis of the best estimates of average orientation and average
fluormcopy  practices obtained through patient and physician enquiry. As
individual breast doses could be estimated for only a small  number of patients,
it was decided to compute average doses for all individuals. Initially an attempt
was made to utilize individually identifiable information but it was unsuccessful.
Many of the 269 patients with presumed known orientation were treated by
physicians who had died, and therefore fluoroscope information was unattainable.
It was also common for patients instituti~)r~alizc(l  for many years to have been
treated by several physicians, not all of whom were interviewed. Coupled with
the obvious difficulty in relying on individual patient and physician memories of
20 to 45 yr ago, it seemed prudent to use the “averuge” values of all patient and
physician responses for estimating breast doses for all patients.

R_llSl;LTS

Breast Cancer and Number of Fluoroscopic  llxarwinations

Fifty-six histologically confirmed breast cancer cases among all study subjects
were ascertained. Figure 2 shows the standardized incidence rates of breast
cancer, adjusted for age at exposure and d[lration of followup,  as a function of



number of fluoroscopic  examinations (8). The comparison patients were used as
the standard. An increased risk is suggested for those receiving less than 50
fluoroscopes, but the increase is not statistically significant (P = 0.5, 1 tail).
A decrease in risk among those receiving 150 or more fluoroscopes is also
suggested. Distribution of risk by number of fluoroscopes, however, fails to take
into account the previously mentioned factors that contribute to the magnitude
of absorbed dose in the breast.

Breast Cancer and Cumulative Absorbed Dose

Observed and
function of cumu

expected breast cancer cases and woman-years at risk as a
ative breast dose (rad) are presented in Table IX, and standard-
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ized breast cancer incidence rates in Fig. 3. NTO decrease in risk at high doses
(574 rad) is apparent, and a dose-response relationship that increases linearly
or otherwise continuously with increasing dose is not inconsistent with the data
[X12 (trend) = 7.6, P = 0.003]. The confidence limits are wide, however, and
other patterns are possible. (Figure 3 differs sommvhat from a previously pub-
lished dose-response curve (8) in that incidence rates of the ‘inoncxposed”
tuberculosis patients are used as the standard instead of Connecticut Tumor
Registry rates.)

Risk  Estimate

A single fluoroscopic  examination was estimated to result in an average
absorbed dose to the breast of 1.5 rad, and each individual received an estimated
cumulative breast dose of approximately 150 rad on the average. The Massa-
chusetts women in this study, living 10 yr or more since first fluoroscopic  exposure,
are estimated to have a breast cancer risk of 6.2 radiation-induced breast cancer
cases per million woman-year-rad, with 90~o Poisson confidence limits of 2.S
and 10.7 cancers/lOG WY-rad (Table X).

It is important to examine each assumption made in deriving the above risk

TAB1,E  X
Average  Breast Doses  and Resulting Risk Estimates as a Function of the

Assumptions l{egarding Fluoroscopic Practice

Assumption Estimated average Risk estimateb
breast dose pm CA/106 W Y-rad
tsubject  (rad)

Best estimate’ 149 6.2
Breast size

Adf)lescellt (3 cm) 208 4.5
Adult ((i cm) 136 6.8

Aluminum beam filtration
Inherent, only 166 5.6
1 mm added 90 10.3

X-Ray field size
Unshuttered 167 5.5
Shuttered 75 12.4

Time for exam (see)
20 199 4.7
10 100 9.3

5 50 18.5
Patient orientation

(% facing X-ray tube)
100 543 1.7
30 175 5.3
20 123 7.5

0 18 51.5

* Assumption: Adolescent breast size for those under 17 yr of age at first exposure; 1 mm Al
added in 1948; 81 ~. of the exams performed unshuttered; 15-sec exam time; 2570 of the exams
performed with patients facing the X-ray tube.

b Computed as (O - E)/{ (WY) (dose)), Le., (38 - 20.85)/{ (18, 511) (estimated dose). j (The
first 10 yr of observation have been excluded.)
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Similarly, the estimated average breast dose
calculated by adding the doses received by
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per fluoroscopic  examination was
both breasts and dividing by 2.

This concept of average dose to the total organ system has been used in two
previous human studies ($, 11). Nevertheless, the concept may be q(lestif)ned,
particularly when the breasts are unevenly or ptirtially  irradiated. In addition,
if the distribution of radiosensitive tissue in the breast is not uniform, computing
the radiation dose using total breast volume may not be the most appropriate
:~pproach. No other method of estimating breast dose, however, was deemed
practical.

Table XI compares the findings of the current Massachusetts fluoroscope study
with the three previously mentioned studies. The risk estimate for the h’lassa-
chusetts tuberculosis patients is comparable with the two studies of Western
women but about three times larger than the estimate from the Japanese popula-
tion exposed to atomic radiation. (he explanation is a variation in genetic
susceptibility. Alternatil.e  explanations for this difference might be that the
,J:ipanese  risk estimate is diluted because of the inclusion of the low-risk post-
exposure years t; to 9 in the risk computation. Because the Japanese study
has a maximum period of observation of 25 yr, it is also possible that the risk
estimate will increase with the passage of time, as suggested in the current study
(8). These two factors alone could  possibly explain the difference in risk estimates.
If the risk estimate for the Massachusetts women in our study were calculated
considering only years 5 to 24 of followup, the absolute risk estimate woldd have
been 3.1 cases/lOb  WY-rad, in close agreement with the Japanese estimate of
2.5 cases/lOb  WY-rad.

The Western studies also involved populations of women whose mean ages at
first exposure were 7–9 yr younger than the Japanese women. If age at exposure
is inversely related to breast cancer risk (8), the older atomic bomb victims may in
fact be at lower risk. The Japanese women also received “whole-body” radiation
exposure, and if the resulting ovarian irradiation had a protective effect on
breast cancer development, the risk estimate obtained would be lower than the
estimate from those studies involving partial-body irradiation. In studies of
women undergoing radiation cast ration (12), significant decreases in death due to
breast cancer have been observed that could be attributable to ovarian irradiation.8

.41though the absolute risk estimate derived from our study of Massachusetts
fluoroscope patients can be supported with some confidence, a number of dose-
response relationships could be consistent with the data. The variation of breast
cancer incidence rate by the number of fiuoroscopic  examinations suggests a
falloff  of risk at the higher cumulative doses. In the Nova Scotia fluoroscope
study, no falloff  was seen and breast cancer incidence increased with increasing
numbers of fluoroscopic  examinations up through the maximum average number
of 450 (1). No falloff  was observed in the present study either, when the breast
cancer incidence rate was expressed as a function of cumulative patient breast
dose (rad) rather than the number of fluoroscopic  examinations. Conversion to
cumulative breast  dose included the effect of important variables such as orienta-

8 In animal studies, however, mammary neoplasia can be increased when only the ovaries of
mice are irradiated (16); whereas, no effect on mammary neoplastic  development attributable
to ovarian irradiation is apparent following “whole-body” radiation exposure of rats (16).
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ticm,  beam filtration, and type of examination. The sample size and the associated

confidence limits on the breast cancer incidence rates are such that dose-response
functions other than linear could be compatible with the data. Although no

clear-cut dose–response function is evident, the data are consistent with linearity
and it appears prudent to assume a linear relationship for the purpose of radiation
protection and public health considerations (1).

When comparing the  exposed pat ients  with  the  comparison pat ients  and
adjusting for age at exposure and duration of followup  (Table IX), it is interesting

that a risk associated with breast doses under 100 rad is suggested: The standard-
ized incidence rate of breast cancer among those receiving an a.~~erage of 32
rad is 109/10 5 versus  79/10s WY for the comparison patients. This increase,
however, is not statistically significant (P = 0.47, 1 tail). When Connecticut
incidence rates are used to compute expected breast cancer cases (Table IX),
no excess breast cancer is apparent among those receiving less than 100 rad (10

cancers  observed and 9 .6  expected) .  These  data ,  however ,  should  not  be
interpreted to mean that there is no risk for breast cancer induction at these dose
levels. The sample size of 469 women and the average breast dose of 32 rad may
have been too small to detect a statistically significant increased risk. On the
basis of a risk estimate of 6.2 cancers/10o WY-rad, an excess of 1.4 radiogenic

breast cancers would have been expected for these 469 women. There is no
statistically significant difference between the observed 10 cases and the predicted

(9.6 + 1.4) = 11 cancers based on the radiation risk estimate.
Data from the previous fluoroscope study of Nova Scotia tuberculosis patients

were consistent with a linear dos~response  reltitionship between breast cancer
incidence and high total breast doses attained from many individual low-dose
fractions (1). Because all the Nova Scotia women faced the X-ray tube during

fluoroscope examination, the cumulative breast doses were great, averaging 1215
rad. The range of cumulative breast doses for the Massachusetts patients in our

study (150-rad average), however, is approximately one magnitude lower than
that for the Nova Scotia series. The results of the two studies, with regard to the
shape of the dose-response curve and the computed breast cancer risk estimates,
are compatible. This suggests that for low-dose fractionated exposures, the
breast cancer risk per rad is similar over a wide range of total cumulative doses.

The fluoroscope studies also present overall radiation risk estimates that are
similar to those derived from studies involving single or few radiation exposures
(2-5). The repeated fluoroscopic  exposures, however, were delivered over a period
of years, allowing cellular repair and repopulation to occur. Since these multiple
low-dose exposures might be expected to produce fewer deleterious effects than a

single exposure of the same total dose (1), the fact that they do not suggests
that the radiation damage is cumulative. When assessing the possible radiation
risk associated with repeated low-dose mammography exposures, it appears

prudent to assume that the risk is present at the low dose levels involved and
that the total risk will be proportional to the total radiation dose received during

the lifetimes of the women exposed,




	INTRODUCTION
	SUBJECTS AND METHODS
	Study Population
	Patient Questionnaire
	Physician Interview
	Fluoroscope Exposure Measurements
	Absorbed Dose in the Breast
	Fluoroscope Doses

	RESULTS
	Breast Cancer and Number of Fluoroscopic Examinations
	Breast Cancer and Cumulative Absorbed Dose
	Risk Estimate

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

